Two open-flow cryostats for macromolecular crystallographic studies, which make it possible to freeze macromolecular crystals very rapidly and maintain them for long periods of time at reduced temperatures, have been constructed. Both systems avoid the use of opaque shrouds and hence permit monitoring of the optical properties of protein crystals at all temperatures. The first uses a cold-gas stream derived from boil-off of liquid nitrogen, with a surrounding warm-gas stream, and covers a temperature range of 80 K to room temperatures. The second uses a cold-gas stream derived from boil-off of either liquid helium or liquid nitrogen to cover a temperature range of 10 to 70 K or above 80 K, respectively. Special care has been taken to make it possible to switch back and forth between the two cryogenic liquids in routine operation. The temperature stability of the cold-gas stream is _+0.5 K, which is achieved by controlling both the flow rate of the gas stream and the power of a heater within the cold-gas stream prior to its exit from the nozzle. The liquidhelium consumption is less than 21h -l at a working temperature of 40 K.
Introduction
Cryocrystallography has several advantages for the study of macromolecular crystals: greatly diminished (or practically eliminated) radiation damage; improved limiting resolution and reduced temperature factors for many crystals; and the ability to eliminate the X-ray capillary and hence to reduce the X-ray background (Hope, 1988; Teng, 1990; Watenpaugh, 1991) . In order to maintain crystallinity when crystals grown at temperatures around 300 K are cooled to cryogenic temperatures, either cryoprotectants must be gently introduced into the crystal, which is then slowly cooled, or the crystal must be cooled very rapidly. Rapid cooling favors the formation of vitreous ice in the intermolecular liquid in the crystal without change of volume and hinders the formation of crystalline ice. This can be achieved either by plunging the crystal into a cryogen such as liquid propane or by flowing a cold-gas stream of sufficient velocity over the crystal.
Various cooling devices have been described (Marsh & Petsko, 1973; Bartunik & Schubert, 1982; Hajdu, McLaughlin, Helliwell, Sheldon & Thompson, 1985) for temperatures between 273 and 77 K and some are commercially available (Frauenfelder, Petsko & Tsernoglou, 1979; Dewan & Tilton, 1987; Stoe Diffraction Systems, 1987) ; however, no shock freezing device is available that matches the requirements of integrating detector cameras at synchrotron-radiation sources. We describe here one such device, based on boil-off liquid nitrogen, which is of low cost, easy to operate and reliable. The original version has been employed at the Cornell High-Energy Synchrotron Source (CHESS) since 1988 and an improved version is now in use at beam line X26C at the National Synchrotron Light Source (NSLS). We call this device the 'nitrogen cryostat', in which a cold-nitrogen-gas stream is blown directly onto a shock-frozen crystal that is mounted in a wire loop (Teng, 1990) or on the tip of a glass fiber. Compared to commercial cold-gas-jet crystal coolers, the present design is mechanically robust but still flexible enough to be mounted at any angle. It has a larger working volume within which the temperature varies by less than +2 K and its nozzle is aerodynamically designed so that the cold-gas stream and its outer warm-gas 'shell' form a fog-free environment for the crystal.
Cooling samples to liquid-helium temperatures is standard practice in crystallographic studies of small molecules. Cryostats built for neutron and X-ray diffraction studies of small molecules have been developed from an earlier double-Dewar type (e.g. Heaton, Mueller, Adam & Hitterman, 1970) into the closed-cycle two-stage refrigerator type (Samson, Goldish & Dick, 1980; Archer & Lehmann, 1986; Zobel & Luger, 1990) . They are designed to be attached to conventional diffractometers, to reach temperatures close to 4 K, to maintain excellent temperature stability and to be economical in consumption of liquid helium. However, all have a large thermal mass and so cannot cool rapidly, and the crystal is typically mounted directly on a copper cold finger encased in beryllium shrouds that make it difficult to see or to illuminate with laser or other monitoring beams.
Recognizing these difficulties, Greubel, Gmelin, Moser, Mensing & Walz (1990) introduced a windowless open-flow liquid-helium cryostat for crystallographic studies of small molecules on a four-circle diffractometer that can attain temperatures down to 30 K with a stability of +1 K. There is a need to obtain similar temperatures in macromolecular crystallography to permit rapid crystal cooling to these temperatures and simultaneous illumination of the crystal by stimulating and monitoring light beams. However, since individual X-ray exposures and the total time required to collect a data set can be very short when an intense synchrotron X-ray source is employed, it is not necessary to maintain these low temperatures for extended periods of time and hence the consumption of liquid helium can be minimized. We have therefore designed, constructed and tested a second open-flow cryostat suitable for both static and time-resolved macromolecular crystallography, which can readily be switched between liquid helium and liquid nitrogen and attain temperatures between 10 and 70 K and above 80 K, respectively. To differentiate it from the 'nitrogen cryostat', we call it the 'helium cryostat' although it can also be used with liquid nitrogen. Fig. 1 shows a block diagram of the device. A 1601 Taylor-Wharton XL-45 liquid/gas container (Harsco Corporation, Indianapolis, IN, USA) serves as the drynitrogen-gas supply, which produces about 100m 3 of gas. The gas pressure at the outlet is adjusted to about 138 Pa and fanned out to two gas lines each equipped with a flow meter and needle valve for fine control of the gas supply. One gas line is used to deliver warm gas to virtually eliminate ice formation on the cold components; the other is temperature regulated to cool the crystal. The cooling of the gas is done by passing it through a copper coil inside a 601 Taylor-Wharton model 3K wide-mouth Dewar. At common flow rates, the gas reaches an equilibrium temperature of 77 K. The cold gas is transferred to the cooler nozzle by an evacuated flexible transfer line. The inner bellows of the transfer line are wrapped with a heating wire that is controlled by a 60 W temperature controller (model DRC-93CA, Lakeshore Cryotronics, Inc., Westerville, OH, USA). The cooler nozzle contains thermocouples for the temperature controller and provides collinear laminar flow of the cold and warm-gas streams. Detailed blueprints for the system are available upon request.
Description of the nitrogen cryostat
Shock freezing of a crystal can be performed either by directly cooling the crystal with the cold-gas stream or by rapidly dunking it into liquid propane at 86 K using a device developed by A. Yonath and her colleagues (described by Hope et al., 1989) .
To avoid ice formation on the goniometer head, an aluminium reflector is mounted above it, the curved surface of which deflects the cold stream even under extreme positions of the goniometer arcs. A 25 W heating wire inside the reflector keeps the goniometer head warm and prevents the lubricants of the arcs from freezing. Fig. 2 shows the cryostat. It consists of two similar parts, each containing a cryogenic-liquid supply, transfer line and flow-control element, which transfer either liquid helium or liquid nitrogen to a small Dewar at a desired flow rate with minimum heat loss. The Dewar is designed to function as a reservoir of cryogenic liquids. It also houses temperature-control components and is a transition point between the supply tanks of cryogenic liquid and the exit nozzle of the cold-gas stream. First, the cryogenic liquid is transferred to the Dewar then the cold gas generated by evaporation of the liquid exits the nozzle and bathes the crystal. This 'two-step' design differs from an earlier helium nozzle (Greubel et al., 1990) , our nitrogen nozzle and some commercial products (e.g. Nicolet's LT-2 and Oxford Cryosystems' Cryostream), all of which deliver cold gas via a long transfer line to a nozzle. With the intermediate Dewar, the cryogenic liquid is placed very close to the exit nozzle for the cold gas and it is thus possible to have the temperature of the cold gas very close to the boiling point of the liquid. The Dewar also simplifies the switch between liquid helium and liquid nitrogen; otherwise, a complicated vacuum-jacketed manifold must serve as the crossroads of two cryogenic liquids. Liquid helium is withdrawn from the storage vessel (LHV, see Fig. 2 ) and delivered to the Dewar by the transfer line (HTL), which was constructed with the standard technique of thin double-walled stainlesssteel vacuum jacket and superinsulation. For ease of operation, it was built in three segments, a straight section (SS), a flexible section (FS) and an angular section (AS), which are jointed by vacuum-jacketed bayonet connections (BC). The straight section, which is inserted into the storage vessel, has extensions of various lengths to accommodate different types or volumes of liquid-helium storage vessel. A built-in needle valve (HNV) and a helium-gas pressure line (HGP) pressurize the liquid helium inside the storage vessel and control the liquid-helium flow rate. The l m long flexible section is constructed with a double-walled bellows and superinsulation and forms the transition segment between the straight and angular sections of the transfer line. The angular section inserts into the Dewar, which contains radiant reflectors in its neck to minimize the heat introduced into it.
Description of the helium cryostat
The Dewar was built with the same techniques as the transfer line. It has a cylindrical shape of height 19.7 cm and inner diameter 7.62 cm, with a slightly reduced size at its mouth. The tip of the inner nozzle (IN), which forms the exit for the cold gas and is made of lowtemperature epoxy Hysol (Dexter Hysol Aerospace & Industrial Products Division, Seabrook, NH, USA), is 0.74 cm in diameter and is screwed onto the end of an extension tube (ET), which extends from the bottom of the Dewar. The tube is double-wall vacuum jacketed with superinsulation and has its inner part (IT) extending 10.0 cm above the bottom of the Dewar. Cold helium gas, generated by evaporation of liquid helium, passes through the inner tube (IT) and exchanges heat with the liquid in the Dewar prior to its exit from the nozzle. The level of liquid helium in the Dewar is monitored by a liquid-helium-level sensor (HLS) connected to a liquidhelium-level controller (HLC) (model 136, American Magnetics, Inc., Oak Ridge, TN, USA). The temperature of the cold helium gas exiting the nozzle can be varied by controlling the height of liquid helium in the Dewar. An outer cone made of Plexiglas with an opening 1.04 cm in diameter is placed around the inner nozzle to form an outer nozzle (ON). A warm-gas line (WGL) connected to the outer nozzle supplies a warm-helium-gas (WHG) flow coaxial with the cold helium gas to improve the aerodynamics of the gas flow and to minimize fog formation around the cold-gas stream. The lowest gas temperature that can be reached is determined by the flow rate of cold gas exiting the nozzle and the level of liquid helium in the Dewar. The natural evaporation rate of liquid helium depends on the rate of heat leaking into the Dewar. To obtain a higher gas flow, a heater (BH) and a boil-off gas (BG) line were incorporated in the bottom of the Dewar to control the rate of evaporation of liquid helium. The former applies heat to the liquid helium; the latter bubbles warm gas through the liquid. The flow rate of cold gas exiting the nozzle is governed by the combination of those two factors and the level of liquid helium.
For higher temperatures, a 25 f~ heater (H) [made of Nichrome heater wire NC-32 (Lakeshore Cryotronics, Inc.)] is installed in the extension tube and a nickel/chromium-gold/iron(0.07%) thermocouple (T1) (Chromega/Gold7%FE, Omega Engineering, Inc., Stamford, CT, USA) is placed close to the mouth of the nozzle. These are connected to a DRC-93CA temperature controller (TC) (Lakeshore Cryotronics, Inc.), which monitors and maintains the temperature of the cold-gas stream at a desired value. Another thermocouple (T2) is installed in the Dewar to monitor its temperature at the bottom. The temperature controller and liquid level controller are programmable and communicate with a host computer via general-purpose interface bus (GPIB) (IEEE-488) interfaces.
The liquid-nitrogen storage vessel and transfer line are basically identical to the liquid-helium components. They have their own liquid-nitrogen supply vessel (LNV), transfer line (NTL), flow-control needle valve (NNV) and nitrogen-gas pressure line (NGP) supplied by a warm-nitrogen-gas cylinder (WNG), liquid-level sensor (NLS) and liquid-level controller (NLC) (model 180, American Magnetics, Inc.).
A manifold gas-control panel contains pressure regulators, gas-flow meters and control valves to distribute warm gas from one cylinder to the pressure, boil-off and outer-nozzle lines. The warm-gas supply to the boil-off and outer-nozzle lines can be quickly switched back and forth between helium and nitrogen by toggle valves.
All the electronic components in the Dewar (i.e. heaters, thermocouples and liquid-level sensors) are connected by one multipin connector (MPC), except for the liquid-nitrogen-level sensor, which is directly connected to the level controller via BNC cables.
The cryostat is designed to be used on the X-ray 'bench camera' (W. Schildkamp, unpublished) for oscillation and Laue photography of protein crystals using either laboratory or synchrotron X-ray sources. The Dewar is mounted on the camera through a translation stage that is driven by a stepping motor. With slight modifications, it could also be used on other types of cameras. Fig. 3 shows the cryostat as used in the hutch of beam line X26C at the NSLS.
We estimate (see, for example, White, 1989 ) the heat leakage into the Dewar by conduction and radiation to be roughly 1 W, mostly contributed by the radiation seen by the Dewar from its mouth. Although the Dewar was not designed for long-term storage of liquid helium, several measures were taken to reduce radiant heat loss: an 'umbrella' (UR, see Fig. 2 ) heat reflector was installed on the top of the inner extension tubing (IT), an insulation stopper was placed at the inner mouth of the Dewar and superinsulation layers were placed in the cap of the Dewar.
Operation of the nitrogen cryostat
The cold-gas stream was well protected by the coaxial warm dry-nitrogen stream as evidenced by the absence of fog formation. At a flow rate of 10 l min -1, the fog Fig. 3 . The helium cryostat incorporated with the bench camera set up at beam line X26C at the NSLS. The body of the Dewar is on the left of the picture, which was taken from the downstream end of the beam line looking towards the X-ray source. The extension tube directs the nozzle towards the crystal mounted above the reflector of the coldgas stream, which in turn is mounted on the goniometer shown on the right of the picture.
formation starts several cm beyond the natural position of the crystal during the X-ray experiment. Operation without the warm-gas stream led to icing on the nozzle and immediate fog formation. With the speeds of the cold-and warm-gas streams adjusted to be equal, the cold working volume can be extended by at least a factor of three. Without the warm-gas stream, the minimum temperature attained 7 mm from the nozzle was about 95 K at an excessive flow rate; after the warm coaxial gas stream was switched on, the temperature dropped to 79 K. A cone-shaped working volume of 65 mm 3 is obtained within which the temperature varies by less than +2 K with respect to the initial exit temperature of 85 K. With a Lakeshore DRC-93CA temperature controller, a temperature range from 80 to 230 K can be achieved at a gas flow rate of 10 I min -l simply by adjustment of the heating power. For operation at higher temperatures, both the warm-and the cold-gas flows have to be decreased but their flow rate maintained equal. At a flow rate of 10 I min -I, a full XL-45 tank lasts longer than 2 d. The wide-mouth Dewar needs to be refilled every 8 h for the cooling coil to be kept covered at all times, but this refilling does not interrupt the experiment. The refilling of the XL-45 tank during operation is possible from a high-pressure supply tank; however, an easier way to extend the operating time beyond 2 d is to use a second supply tank with the appropriate manifold.
Operation and characteristics of the helium cryostat
The cryostat can be operated in three modes: (1) liquid nitrogen only, to work at temperatures of 80 K and upwards; (2) liquid helium only, to work at temperatures from 10 to 70 K; (3) liquid nitrogen to maintain the crystal at 80 K, then a switch to liquid helium to work at temperatures from 10 to 70 K for a short period of time, then a switch back to liquid nitrogen.
The operation procedure for a single cryogenic liquid (either nitrogen or helium) is as follows. The initial cryogenic liquid transfer from the storage vessel to the Dewar occurs at a high rate by the needle valve (HNV/NNV) being fully opened and the pressure of the storage vessel being kept high. The rate of liquid transfer is then reduced by closing the needle valve and lowering the pressure of the vessel when the level of cryogenic liquid reaches the desired height, which is monitored by the level sensor (HLS/NLS) and level controller. By careful adjustment of the valve and pressure, the volume of incoming cryogenic liquid balances its consumption. The flow rate of cold gas exiting the nozzle can be raised by turning on the boil-off gas line (BGL) and/or the heater (BH). The final stable working temperature is obtained by using the temperature controller (TC), which applies Joule heat to cold gas passing through the extension tube (ET). The current supplied to the heater (H) depends on the control mode selected on the DRC-93CA controller and on the temperature set point and the exiting-gas temperature (TI) monitored at the mouth of the nozzle.
For liquid helium, first the Dewar is precooled with liquid nitrogen, then the transfer of liquid helium is begun by pressurizing the liquid-helium storage vessel to above 6.9 Pa; the cold-gas temperature reaches 10 K within 5 min. The temperature varies with the flow rate of liquid helium transferred. Without flow control, the temperature of the cold gas fluctuates over +2 K but, when the needle valve and temperature controller are added to the system, the temperature stability reaches _+0.5 K over a temperature range of 10 to 70 K within a period of a few hours. The operation profile for using liquid nitrogen is very similar to that for using liquid helium. Temperature stability is better than _+0.5 K for temperatures above 80 K.
The temperature profile within the cold-gas streams was measured. tions along the radial direction of the nozzle for cold nitrogen gas and cold helium gas. Fig. 5 shows the profile along the axis of the nozzle. In the radial direction, the temperature is uniform to within 2 K over diameters of 5 and 4 mm at the mouth of the nozzle for the nitrogen and helium gas streams, respectively. Along the nozzle axis from the origin at z=0 mm, the center of the mouth, to z= 10 mm, the temperature increases by less than 0.5 and 2 K for the cold-nitrogen-and cold-helium-gas streams, respectively. The area of uniform temperature naturally shrinks as the distance from the nozzle increases. If the working volume is defined as a right circular cone within which the temperature lies within 2 K of that on the nozzle axis at z=0, then the cone has a volume of 130 mm 3 (5 mm base diameter, 20 mm height) and 40 mm 3 (4 mm base diameter and 10 mm height) for the cold-nitrogen-and cold-helium-gas streams, respectively. The temperature gradient along the nozzle axis is much larger for helium than for nitrogen, owing to its lower density and lower heat capacity (Fig. 5) . However, since the volume of a typical protein crystal is much less than 1 mm 3, the working volume of the cold-gas stream is entirely sufficient to maintain the crystal in a uniform temperature environment. The liquid-helium consumption of our system is measured to be 1.5, 1.8, 5 and 15 l h -l for work at 60, 40, 20 and 10 K, respectively. The only other open system with which it can be directly compared (Greubel et al., 1990) gives closely similar consumption at 40 K. For temperatures below 40 K, consumption increases greatly and would preclude a long run. This is why our system is designed to switch readily back and forth between liquid nitrogen and liquid helium.
Proper handling of a smooth transition between liquid nitrogen at 80 K and liquid helium at 40 K and below is not trivial. The problem is that liquid helium, because of its low heat capacity, cannot expel the remaining liquid ,,,l,,,,l,,,,i,,,,l,~,,i,,,,l,,,,l,,,, nitrogen in the Dewar. The crucial step of the switch is the use of warmer nitrogen gas to boil off any remaining liquid nitrogen in the Dewar while maintaining the temperature of the cold-gas stream and the crystal below 130 K, the phase-transition temperature between vitreous ice and crystalline ice (ice I). Meanwhile, the liquid-helium transfer line must be properly precooled. The level of liquid nitrogen as measured by its sensor (NLS) and the temperature at the bottom of the Dewar as measured by the thermocouple (T2) are carefully monitored. The boil-off gas is switched from nitrogen to helium to drive out the last drop of liquid nitrogen, then the liquid-helium storage vessel is pressurized to deliver liquid helium into the Dewar at exactly the time when the liquid nitrogen is entirely gone but the temperature of the cold-gas stream has not yet risen. The entire transition takes about 20 min or less depending on the volume of liquid nitrogen remaining in the Dewar. After that, the procedure is that described above for the use of liquid helium. The switch back from liquid helium to liquid nitrogen is more straightforward since liquid nitrogen can always blow off the liquid helium in the Dewar.
Preliminary results of X-ray diffraction
The initial version of the liquid-nitrogen cryostat described above has served many users from the macromolecular-crystallography community at CHESS Fig. 6 . Laue photograph of a hen egg-white lysozyme crystal. Data were taken at beam line X26C at the NSLS, the temperature of the crystal was 10 K and the exposure time was 10 ms. The data were recorded on a Fuji image plate and scanned on a Fuji BAS2000 scanner; the waterring diffuse scattering has been removed by the Chicago LA UEVIEW software (Z. Ren, unpublished).
for several years [see, for example, Hope et al. (1989) , Volkmann et al. (1990) and Teng (1990) ]. We conducted preliminary tests of the liquid-helium cryostat using beam line X26C at the NSLS. We successfully shock froze hen egg-white lysozyme (HEWL) and sperm-whale myoglobin orthorhombic crystals at 80 K and brought them down to 10 K, at which temperature we recorded Laue photographs. We have also successfully frozen myoglobin crystals directly with a cold-helium-gas stream at 10 K. Several data sets for HEWL crystals were taken at 10, 40 and 80 K. One HEWL crystal was recovered from the loop mount (Teng, 1990 ) after low-temperature data collection and remounted in the capillary for the collection of an additional data set at room temperature. The photographs show that the crystals diffract to higher resolution and are much less sensitive to radiation damage at the low temperatures but the mosaicity increases when the crystals are shock frozen. Fig. 6 shows a Laue picture of the HEWL crystal taken at 10 K. Detailed data analyses are under way.
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